We use the 7 km retreat of Kangerdlugssuaq Glacier (KG), East Greenland, to examine the mechanisms, interactions and relative significance of atmospheric forcing and ice/ocean interactions. Hydrographic data from 1991, 1993 and 2004 show that subtropical waters are common in Kangerdlugssuaq Fjord (KF), and that surface waters were warm in 2004 relative to 1991 and 1993. The main water column was nonetheless warmest in 1991. We contend that while flow of subtropical waters into fjords provides a setting in which rapid glacier retreat can occur, the triggering of retreat depends on additional environmental factors. The climatic variables standing out in our study of KG and KF are air temperature and katabatic winds. Both had strong positive anomalies during winter 2004/05, when KG retreated. We show that proglacial ice melange was absent and that fjord freeze-up did not occur until 11 April 2005, due to warm and windy conditions. We demonstrate that this setting is unusual and hypothesize that exposure to open water in winter months caused the retreat. Calculation of ice-front melt rates shows that discharge of basal meltwater, first from runoff and subsequently from frictional basal heating, should intensify the interaction between glacier and fjord.
INTRODUCTION
The Greenland ice sheet is losing mass at rates of 150-250 Gt a -1 (Rignot and others, 2008; Van den Broeke and others, 2009 ) and there is growing concern that this rate will increase because of climate change (Solomon and others, 2007) . Fuelling these concerns are mass budget estimates showing a decreasing trend of the surface mass balance (-13 Gt a -2 ) due to a steady increase in surface runoff, as well as increasing discharge of ice to the ocean (9.0 Gt a -2 ) by ocean-terminating outlet glaciers (Rignot and others, 2011) . Increased runoff is directly related to atmospheric forcing (Ettema and others, 2010) , and there is good overall consistency between estimates of runoff from different types of models (Bougamont and others, 2007) . The quantity of ice discharged to the ocean through fjord-terminating outlet glaciers, i.e. tidewater glaciers, varies less than runoff, but is problematic because glacier dynamics affect the mass budget of ice sheets on timescales ranging from years to many decades (Price and others, 2011) .
Kangerdlugssuaq Glacier (KG), East Greenland, is one of the largest tidewater glacier systems in the world. During its well-documented retreat of 7 km between July 2004 and April 2005 (Joughin and others, 2008a Seale and others, 2011) , the glacier doubled its speed from 20 m d -1 to 40 m d -1 (Luckman and others, 2006; Howat and others, 2007) . This speed change resulted in a loss of 80 Gt of ice between September 2004 and January 2008 (Howat and others, 2011) . This is $350% higher than the loss would have been if it had occurred at the pre-retreat rate ($6.5 Gt a -1 ). Although net annual losses returned to lower rates after 2008 ($10 Gt a -1 ), the immediate loss is only the beginning of the ice sheet's dynamical contribution to higher sea levels. Price and others (2011) show that by 2100 the long-term mass loss from slow diffusive thinning could be three times that of the glacier's immediate response.
The abrupt retreat of KG and other Greenlandic tidewater glaciers during the last decade was first thought to be due to increased runoff caused by atmospheric warming (Rignot and Kanagaratnam, 2006) . But whereas air temperature and ice-sheet runoff continued to increase in the 2000s, the glaciers have been more stably positioned since 2005 (Howat and others, 2007; Murray and others, 2010) . The dynamic change is now thought to be due to subtropical waters, flowing into fjords via coastal currents. Straneo and others (2010) show that circulation in Sermilik Fjord is strongly influenced by high wind speed during intermittent storms. Christoffersen and others (2011) show that winds are also important on a synoptic scale and that the position of the Icelandic low, a semi-permanent atmospheric lowpressure system in the North Atlantic, has a strong effect on the transport of subtropical water towards Greenland.
Although the transport of subtropical waters into Greenland fjords is far from simple, a characteristic behaviour is seen in the recent widespread change of Greenlandic tidewater glaciers. Seale and others (2011) show that glaciers flowing into East Greenland fjords south of 698 N experienced widespread retreat in 2000-05, whereas glaciers in fjords north of this latitude experienced little or no retreat during the same period. This relatively sharp boundary of glaciological behaviour is not related to atmospheric conditions, but to the presence (south) and absence (north) of warm subtropical water from the Irminger Sea.
Here we use the well-documented retreat of KG in 2004/ 05 and observations from within and near KF to partition effects from the glacier's interactions with atmosphere and ocean. Although the retreat occurred when the fjord contained relatively warm water, we document warmer properties in a previous year when the glacier remained relatively unchanged. While flow of subtropical waters into fjords provides a setting in which rapid glacier retreat can occur, the triggering of retreat seems to depend on additional factors. The climatic factors that stand out are air temperature and katabatic winds during winter months. We show that proglacial ice melange was absent during the retreat and that the fjord did not freeze-up until 11 April 2005 because of warm and windy conditions. The exposure to open water prolonged the period when calving occurs at a high rate, resulting in significant retreat, speed-up and intensified interaction with fjord waters.
KANGERDLUGSSUAQ FJORD

Environment and setting
Kangerdlugssuaq Fjord (KF) is 70 km long and 5-10 km wide ( Fig. 1 ). Water depths range from 450 m over a sill 10 km from KG's calving front to 870 m near the mouth (68.18 N, 31.98 W) (Dowdeswell and others, 2010) . Icebergs are the main freshwater source in the fjord due to the high rate of discharge from KG, currently $30 Gt a -1 (Howat and others, 2011) . The fjord is typically ice-free between July and December, and ice-covered from January to June. An area extending $5 km from the front of KG comprises a semipersistent melange of icebergs and shore-fast sea ice known as sikussak ( Fig. 1c ) (Syvitski and others, 1996; Dowdeswell and others, 2010) .
Fjord waters
The bathymetry of KF and the properties of fjord waters have been established from scientific cruises in September 1993 (Azetsu-Scott and Syvitski, 1999) and September 2004 (Dowdeswell and others, 2010; Christoffersen and others, 2011) . Here we use these datasets together with additional data from an earlier cruise in September 1991 (Andrews and others, 1994) . Two important water masses inside the fjord are polar surface water (PSW) and subtropical Atlantic water (AW) ( Fig. 1) , with properties governed by the corresponding water masses found in the East Greenland Current and the Irminger Sea (Sutherland and Pickart, 2008) . PSW in the upper fjord has low salinity (S < 32 psu) but variable temperature. The potential temperature, , was up to 1.38C in 1991 and up to 2.88C in 2004, therefore falling into the category referred to as 'warm' PSW (PSWw) (Rudels and others, 2002) . PSW in 1993 was fresh as well as cold (-1.58C) ( Fig. 1a ). The salinity, S, of AW is high (S $ 34.9 psu), and potential temperature in the upper fjord was $1.88C in 1991 and $1.58C in 2004. AW in 1993 was colder (<1.18C), suggesting it was recirculating AW from the Nordic Seas, i.e. RAW when using the water mass class of Rudels and others (2002) , rather than the warmer AW from the Irminger Sea. The -S composition of the different water masses is shown in Figure 1b .
A third important water mass is the deeper ambient fjord water, which was warm in 1991 ( $ 1.48C) relative to 1993 as well as 2004 ( Fig. 1 ). The temperature difference of <0.48C suggests more vigorous mixing with AW or that it was formed by warm AW from the Irminger Sea rather than the colder RAW.
Atmospheric conditions
The atmospheric conditions in KF are seen in the station record from Aputiteq at the western side of KF mouth, $80 km from KG (see Fig. 1c for location). Figure 2 shows mean monthly air temperature in 1987-2008, together with seasonal averages for the extended summer (June-September) and winter (December-March) periods. The extended periods are used because the inclusion of June and March helps identify summer and winter characteristics. Although the temperature record from Aputiteq is not complete, we use it because of its close proximity to KF and KG. To fill the missing data points, we use surface air temperature from the equivalent location in the European Centre for Medium-Range Weather Forecasts Interim Re-analysis (ERA-Interim) climatology (Simmons and others, 2006) (Fig. 2) . A good correlation (r = 0.92) for the overlapping data (n = 182) shows that this procedure is satisfactory (data not shown). Between 1997 and 2008, mean summer temperatures increased gradually from -1.38C below the period mean ($2.08C) to an anomaly of +1.28C. The mean winter air temperature differs in that two very large peaks occurred: one in 2002/03 (+4.38C), the other in 2004/05 (+3.18C).
Melting of ice is controlled by the surface energy budget and not simply air temperature. We therefore calculate the cumulative runoff in the Kangerdlugssuaq drainage basin using outcomes from the RACMO2.1/GR regional atmospheric climate model, adapted from the Royal Netherlands Meteorological Institute (KNMI) regional climate model RACMO2.1 (Van Meijgaard and others, 2008) and extended with a multilayer snow model to better represent the conditions on Greenland (Ettema and others, 2010) . The runoff was very close to the period mean in 2004, when KG started its rapid retreat (Fig. 2 ).
ICE/OCEAN INTERACTIONS
An explicit cause of the KG retreat is not found in the runoff calculated in RACMO. This implies that retreat did not occur because surface meltwater production was high (as shown earlier by Luckman and others, 2006) . Furthermore, the hydrographic data from 1991 show that the presence of warm water in KF does not necessarily result in a rapid glaciological response. The lack of response of KG to warm fjord conditions in 1991 is corroborated by a Landsat image acquired on 21 June 1991 ( Fig. 2 ) and other Landsat scenes dating back to 1978 (Dwyer, 1995) . The climatic variable that stands out during the retreat is the mean winter air temperature in 2004/05, which was the second highest anomaly in the period investigated . While warm AW in fjords clearly provides a setting in which rapid retreat can occur, the retreat of KG may have occurred because warm atmospheric conditions intensified the interaction between the glacier and the fjord waters. Below we discuss this further.
The atmospheric effect
The atmospheric conditions near KF in 2004/05 are seen in Figure 3 together with the front position of KG during its prolonged retreat. The warm surface conditions during the retreat, which started in July 2004 and lasted 10 months, are clearly visible as an increasing trend in air temperature between December 2004 and March 2005. The daily mean temperature occasionally exceeded 08C during this warm winter. The temperature anomaly is $2 and therefore unusual. The retreat was unusual, not because it was fast (the rate of retreat was similar to other years), but because it lasted 10 months and continued throughout the winter months (December-March) and well into April 2005 (Joughin and others, 2008a), i.e. it was prolonged compared to other years. The transition from retreat to advance typically occurs in January or February (Luckman and others, 2006; personal communication from A. Luckman, 2011) .
The margin positions shown in Figure 3 were derived from an automated method utilizing the high (daily) temporal resolution of Moderate Resolution Imaging Spectroradiometer (MODIS) imagery (Seale and others, 2011) . Subsets of MODIS scenes illustrating sea-ice conditions in KF are shown in Figure 4 . The image sequence shows that sea-ice conditions in February-April 2005 were unusual relative to other years in the MODIS record. The fjord is typically covered by shore-fast sea ice in February, when solar illumination returns after a blackout period. In 2005, however, there was an absence of sea ice and even sikussak between 4 February and 4 April. The calving front of KG was in contact with open fjord water throughout the winter months, and there was no support from sikussak or rigid ice melange until the fjord froze up around 11 April. Open water in KF during February-April coincides with the retreat of KG and is, as far as we know, a rare occurrence.
The two principal factors governing the formation of polynya in regions of shore-fast sea ice are air temperature and wind speed. We have already shown that the mean winter air temperature anomaly in 2004/05 was positive and high (+3.18C). This seasonal anomaly is primarily a result of very warm atmospheric conditions in February and March 2005, when the anomaly exceeded +58C. (December 2004 was cold relative to the December mean.) Because February and March is the main period of sea-ice formation and because the monthly anomaly was high relative to the monthly means (-8 to -98C), we expect that a decreased rate of sea-ice formation from high air temperature contributed to the formation of the proglacial polynya.
The second factor responsible for polynya formation is wind speed, and our data show that winds may also have influenced the polynya in front of KG. Figure 5 shows 10 m winds from RACMO2.1/GR averaged from December to March. The seasonally averaged wind speeds in 2004/05 are $4 m s -1 in KF and up to $8 m s -1 over the upper part of KG. The directional constancy is close to 1, which indicates that winds are governed almost exclusively by the katabatic pressure gradient force, which is strong in winter due to surface cooling and the absence of solar radiation (Van Angelen and others, 2011). The katabatic winds were much weaker in 2002/03 (Fig. 5) , the only other winter in our record with higher air-temperature anomaly (+4.38C). This may explain why a coastal polynya did not form at this point in time. In winter 1991/92, when warm water was also present in the fjord, the mean air temperature was +1.18C, but runoff reached only 0.97 Gt, compared to 1.6 Gt in 2004. The katabatic winds during this winter were furthermore weak (Fig. 5 ).
The glaciological effect
We have shown that warm atmospheric conditions and strong winds in winter 2004/05 caused open water to form in front of KG, and that prolonged retreat, lasting until April 2005, occurred under this unusual condition. Previous studies show that seasonal strengthening of sikussak or ice melange may suppress the calving rate (Reeh and others, 2001) , helping tidewater glaciers to advance in winter (Sohn and others, 1998; Joughin and others, 2008a; Amundson and others, 2010) . For Jakobshavn Isbrae, this advance is accompanied by reduced speeds due to changes in geometry and stress distribution, with the additional effect of increasing friction along the fjord side-walls (Joughin and others, 2008b; Amundson and others, 2010) . The advance and retreat of other glaciers in West Greenland show similar correspondence to proglacial sea-ice conditions (Howat and others, 2010) . The same but opposite effect may explain why KG doubled its speed in 2004/05, when a prolonged period of active calving caused the front to retreat by 7 km (Fig. 3) . While this inferred mechanical influence of rigid proglacial ice melange on calving is consistent with previous studies, it does not explain why significant calving retreat occurred mainly in a region where fjords contain warm AW (Seale and others, 2011) . The latter implies an interaction with fjord waters.
The link between KG and the ocean during its retreat may lie in a large input of subglacial meltwater to the proglacial environment, as speed-up caused increased frictional heating at the bed. Since the speed-up occurred in winter, this additional water would have entered the fjord when the basal water system did not carry surface meltwater. Very little is known about the basal environment of KG, but a simple calculation of the basal heat budget based on information from similar glaciers nonetheless indicates that a large meltwater volume was produced by the speed change. The basal heat budget is G þ U À K @T =@z À _ mL = 0, where G is the geothermal heat flux; the second term is frictional heat, calculated from basal drag, , and velocity, U; the third term is the conductive heat loss, calculated from basal ice temperature gradient, @T/@z, and the thermal conductivity of ice, K; and the fourth term is latent heat of fusion, calculated from ice density, , the basal melt rate, _ m, and the coefficient for latent heat of fusion, L (Christoffersen and Tulaczyk, 2003) . The basal drag of KG is not known, so we assume it is of similar magnitude to the drag calculated for Jakobshavn Isbrae, $200 kPa (Iken and others, 1993; Funk and others, 1994) . With speeds $20 m d -1 or higher, frictional heat would be around two orders of magnitude higher than G as well as K@T/@z, suggesting that U = _ mL is a reasonable approximation of the heat budget. Basal melting up to several metres per year may have occurred beneath the lower part of the glacier where the speed is highest, and, with speed change occurring over a distance of >30 km (Howat and others, 2007) , increased frictional heating could have increased the discharge of basal meltwater by $1 km 3 a -1 when speeds peaked.
There are two ways in which meltwater from increased frictional heating could have affected the flow and dynamics of KG. The first is an increase in basal lubrication, and the second is an increase of calving in response to plumeinduced ice-front melting. Nick and others (2009) show that the speed change of Helheim Glacier in 2000-05 is consistent with a prescribed retreat of the calving ice front rather than basal lubrication, so we assume that the latter is more likely. To illustrate this, we use melt estimates based on a simple convection-driven model of plume flow and velocity-based parameterizations of melt similar to those underneath Antarctic ice shelves (Jenkins and others, 2010) . A full description of this model is beyond the scope of this study. We therefore refer to O'Leary (2011) who shows that this model can be applied to tidewater glacier fronts, yielding results consistent with observations from West Greenland. These melt rates include strong dependencies on both ocean temperature and stratification. The flux of water in the subglacial water system beneath the glacier is also important, as shown by Jenkins (2011) , as the rate of frontal melting has a cube-root dependence on the subglacial discharge to the fjord. Here we apply a model similar to that used by Jenkins (2011) to KG, assuming that its ice front is $600 m high. Using hydrographic data from 1991, 1993 and 2004, as shown in Figure 1 , and runoff, as shown in Figure 6a , we estimate plume-induced ice-front melting at rates up to 3 m d -1 in the melt season (Fig. 6b ). When frictional melting beneath the glacier is excluded, the melt rate on the ice front drops to low values in winter months, when runoff does not feed the subglacial water system. We find the highest melt rate in July 1991 because fjord waters at depths greater than 400 m were 0.48C warmer than in 1993 and 2004 (Fig. 6b ). The melt rate in July 2004 is nevertheless almost as high because runoff in July 2004 was 0.80 Gt compared to 0.42 Gt in July 1993 and 0.51 Gt in July 1991 (Fig. 6a ).
When melting from frictional heat released during the speed-up is included in the model, we find little effect in summer months because the flux of meltwater from the basal water system is already high due to runoff. The effect is proportionally higher in winter, when runoff is nil. With frictional meltwater added, the winter melt rate doubles from $0.7 m d -1 to $1.5 m d -1 (Fig. 6b ). We also find that the plume becomes substantially more buoyant when frictional basal melting is included. The depth of neutral buoyancy with the surrounding fjord water increases from >280 m to <160 m (Fig. 6c ). The speed-up of KG due to its retreat may thus have prolonged the period of strong ice/ ocean interactions.
SUMMARY AND CONCLUSIONS
The flow of tidewater glaciers in Greenland is influenced by ocean as well as atmosphere, but the significance of these forcings relative to each other is not well understood. Furthermore, whereas tidewater glaciers according to the classic theory should respond to climate change through the alteration of mass balance, i.e. indirectly, the Greenland-type tidewater glacier differs in that it responds sensitively to external forcing. The sudden increase in discharge from Greenland tidewater glaciers in the early 2000s was originally thought to be a response to atmospheric warming, which was sustained in the southeast where many glaciers retreated (Rignot and others, 2004; Howat and others, 2008; Murray and others, 2010) . Recent studies have shown that this region is also influenced by warm subtropical waters, entering coastal currents and fjords after transportation to the Irminger Sea from the Atlantic (Holland and others, 2008; Murray and others, 2010; Christoffersen and others, 2011; Seale and others, 2011) .
The widespread recent retreat of tidewater glaciers in Greenland offers a window of opportunity to identify the relevant environmental forcing. While warm subsurface conditions in KF were a significant factor in the retreat of KG (Christoffersen and others, 2011) , additional data show that KG remained relatively unaffected by warm subsurface conditions in 1991. The driver of warm subsurface conditions in 1991 is the same as that causing warm subsurface conditions in 2004, i.e. a western position of the Icelandic low, inducing weak northeasterly airflow along East Greenland and inflows of AW from the Irminger Sea towards the coast (Christoffersen and others, 2011) . The cold subsurface conditions in 1993 were a consequence of colder and stronger winds from the northeast, occurring when the Icelandic low has an eastern position. Periods when synoptic atmospheric conditions in the North Atlantic caused coastal warming offshore of KF include 1985 -87, 1991 -92, 1996 and 2001 -06 (Christoffersen and others, 2011 .
The warm subsurface conditions observed in KF in 1991 show that tidewater glaciers do not necessarily retreat when fjords are warm. We therefore contend that while warm AW in fjords provides a setting in which rapid glacial retreat can occur, the triggering of retreats depends on additional factors. The climatic factors that stand out in this study of KG and KF are winter air temperature and katabatic winds, which both have strong positive anomalies when averaged from December 2004 to March 2005, the period when KG retreated by more than twice its seasonal average. Satellite images show that freeze-up of the fjord did not occur until 11 April 2005, which is about 3 months later than any other year examined. We attribute the ice-free condition to (1) reduced sea-ice production due to mild air temperature, and (2) transport of sea ice away from the calving front by strong katabatic winds.
We have shown that a plume fed by ice-sheet runoff should melt the front of KG at rates up to 3 m d -1 , but this rate should drop to small values in winter, when the subglacial drainage system does not carry surface meltwater. However, the plume may have remained active in winter 2004/05, with melt rates around half those in summer, due to meltwater produced by frictional heating associated with the glacier's speed-up. The latter occurred because the calving front retreated, as demonstrated by Nick and others' (2009) modelling of Helheim Glacier, and the retreat was a result of ice-free conditions, which prolonged the period of fast calving and strong ice/ocean interactions.
Our study of KG and KF implies that tidewater glaciers in Greenland may respond sensitively to the combined effect of oceanic and atmospheric warming. Whereas the ocean effect is modulated by the North Atlantic Oscillation (NAO; Holland and others, 2008; Christoffersen and others, 2011) , a recurring regional pattern of atmospheric variability, the latter is directly related to climate change. We conclude by hypothesizing that tidewater glaciers will become (or have become) more sensitive to warming of fjords after periods of weak NAO because atmospheric warming is intensifying and prolonging their interactions with fjord waters. A potentially important aspect not included in this study is the long-term effect of mass imbalance. Thomas and others (2000) report thinning of KG by $50 m in 1995-98, and Howat and others (2011) show that the glacier was losing mass at a rate of $6.5 Gt a -1 in 2000. It is possible that thinning in the 1990s and early 2000s caused the ice front to become less stable and more susceptible to retreat.
